Dietary intake, especially of antioxidant vitamins A, C, E, and the carotenoids, has been linked with the presence and severity of asthma. From the Third National Health and Nutrition Examination Survey (NHANES III), conducted in the United States between 1988 and 1994, the authors selected 4,093 children (aged 6-17 years) for whom relevant medical, socioeconomic, and anthropometric data were complete. The children were 50.6% female, and 9.7% reported a diagnosis of asthma. Bivariate analyses showed that asthma diagnosis was associated with lower levels of serum vitamin C, α-carotene, β-carotene, and β-cryptoxanthin. However, antioxidant levels may be surrogate markers for socioeconomic variables such as race, poverty, tobacco exposure, or general nutritional status. In logistic models that included age, body mass index, socioeconomic variables, antioxidant levels, parental asthma, and household smoking, the only antioxidants significantly associated with asthma were vitamin C (odds ratio = 0.72 per mg/dl, 95% confidence interval = 0.55, 0.95) and α-carotene (odds ratio = 0.95 per µg/dl, 95% confidence interval = 0.90, 0.99). The odds ratio for asthma in the highest quintile of serum vitamin C relative to the lowest was 0.65 (p < 0.05), whereas it was 0.74 for α-carotene (p = 0.066). The authors concluded that low vitamin C and α-carotene intakes are associated with asthma risk in children.
In recent years, there has been increasing interest in the role of nutrition in the development of asthma. Because of the increasing prevalence of asthma, particularly in the inner city and developing nations, it has been postulated that changes in diet and nutrition may play a role in promoting its onset. In particular, interest has focused on the intake of antioxidant vitamins, especially vitamins A, C, and E and the carotenoids, in the modulation of oxidative lung or airway injury from inflammatory cells. Vitamin A derivatives of retinol influence the development, maintenance, differentiation, and regeneration of lung epithelial cells and may play a central role in the development of airway diseases (1, 2) .
To our knowledge, there are no long-term clinical trials on the effect of diet on the development of asthma, and most previous studies linking asthma with vitamin intake have relied on inferences from epidemiologic data. These data consistently showed an association between the presence of asthma and the intake of vitamin C (3). However, many of the previous studies have used food frequency questionnaires to assess vitamin intake, which may not accurately reflect biologic availability of vitamins or take multivitamin ingestion into account (4) . Furthermore, vitamin intake may be a marker or epiphenomenon of other risk factors for asthma such as low socioeconomic status, low birth weight, obesity, urban environment, tobacco smoke exposure, regional or cultural dietary habits in minority subgroups, or dietary modification in families with other members who have asthma or allergy.
The Third National Health and Nutrition Examination Survey (NHANES III) provides an ideal data set for examining the relation between asthma and vitamin intake. The study population represents a national population sample, and the data set includes information on general health, socioeconomic status, and serum levels of some vitamins.
The question that we wanted to answer in this analysis of the NHANES III data set was whether serum vitamin concentrations, specifically vitamins A, C, E, and the carotenoids, were associated with a clinical diagnosis of asthma when other factors such as body weight, socioeconomic status, passive smoke exposure, urban environment, and ethnicity were taken into account.
MATERIALS AND METHODS

Study population
NHANES III examined a random national population sample of the United States with oversampling of minorities and children (5) . Participants undertook health questionnaires completed by adult caretakers where appropriate, and a subsample underwent physical examination, were tested for pulmonary function, and had blood samples taken to measure serum vitamins. For the present analysis, we used linked information from the questionnaire, physical examination, and laboratory data for participants aged 6-17 years. The detailed methods for the questionnaires, examination, and laboratory measurements are described elsewhere (5, 6) . Medical, environmental, and sociodemographic information was provided by an adult caretaker. The presence of physician-diagnosed asthma ("ever asthma") was ascertained by a positive response to the question, "Has a doctor ever said that your child has asthma?" Body mass index was calculated as weight in kilograms divided by height in meters squared. Serum vitamin concentrations were measured by isocratic high-performance liquid chromatography at the laboratories of the Centers for Disease Control and Prevention (6) . Ascorbic acid intake was obtained from the dietary recall interview covering the last 24 hours. Information on supplemental dietary intake of vitamins and minerals in the last month was also reviewed.
Statistical analyses
Data analysis was conducted by using SAS software (SAS Institute, Inc., Cary, North Carolina). In this paper, data are presented as mean (standard deviation) unless otherwise specified. Student's t test was used to check for the significance of the difference of the variables listed in table 1 between asthmatics and nonasthmatics. Categorical variables in table 1 were compared by using chi-square tests. Logistic regression analysis was used to examine the relation between various explanatory variables and the probability of having an asthma diagnosis. The full model included age, gender, household size, body mass index, household head educational status, household head gender, household head employment status, diagnosis of asthma or hay fever in at least one parent, race, the presence of at least one smoker in the household, and serum levels of the antioxidant vitamins A, C, and E and the carotenoids: α-carotene, β-carotene, β-cryptoxanthin, lutein/zeaxanthin, and lycopene. The final model was obtained by backward selection (p = 0.05 significance level for inclusion) with the stipulation that age and all racial/ethnic categories remain in the final model. Inclusion of region did not alter the inferences; hence, it was removed from the model. Computation of variance inflation factors showed that multicollinearity among the explanatory variables was not significant. The odds ratios and their upper and lower 95 percent confidence limits were computed for each explanatory risk factor. A two-tailed p value of <0.05 was required for statistical significance.
RESULTS
Overall, for 5,433 participants between the ages of 6 and 17 years, the question, "Has a doctor ever said that your child has asthma?" was answered. For these children, technically reportable serum vitamin measurements were available for 4,427 (81 percent). For these 4,427 participants, one or more items of the physical examination or sociodemographic information were missing for 334, leaving a final study population of 4,093 children for whom measurements were complete. Of these children, 2,072 (50.6 percent) were girls, and 397 (9.7 percent) had a physician diagnosis of asthma. Of the latter group, 278 children (70 percent) had current asthma. Table 1 shows that for 46 percent of the children with asthma, their first asthma diagnosis was made by age 3 years, while 22 percent and 26 percent were diagnosed with asthma between the ages of 3 and 6 and of 6 and 12 years, respectively. Only 5 percent were diagnosed between the ages of 12 and 17 years.
Bivariate analyses comparing children with asthma with children without asthma (table 1) confirmed previous findings that environmental and socioeconomic factors were associated with asthma. These asthma risk factors include male gender, family history of asthma or hay fever, smaller household size, unemployed head of household, lower educational status of head of household, female head of household, and urban environment. Household income as evidenced by the poverty index (defined as the ratio of family income in the last 12 months to the federal poverty line; thus, a higher poverty index indicates a higher socioeconomic status) and the presence of household smokers was not significantly associated with higher asthma risk.
Among the asthmatics, there were significantly fewer Mexican Americans and more children classified as being in the "other" ethnic group (which included Asian Americans and other categories of Hispanics). Furthermore, these data confirmed previous findings (7) that body mass index was higher in asthmatics than nonasthmatics (p < 0.0002). Serum concentrations of vitamins A and E were not different between asthmatics and nonasthmatics. However, significant differences were present for serum concentrations of vitamin C, α-carotene, β-carotene, and β-cryptoxanthin. No differences were found between asthmatics and nonasthmatics with respect to lutein/zeaxanthin, lycopene, cholesterol, and triglyceride serum concentrations. We also did not find any difference in ascorbic acid dietary intake, calculated from the recall interview of the last 24 hours, or in the intake of supplemental minerals and vitamins between asthmatics and nonasthmatics. Univariate analyses showed that, in this population, moderate statistically significant correlations existed between some of the asthma risk factors and vitamin concentrations (table 2) .
The parsimonious logistic regression model enabled us to examine the predictive strength of serum vitamin concentrations for childhood asthma while adjusting statistically for § Defined as the ratio of family income in the last 12 months to the federal poverty line; thus, a higher poverty index indicates a higher socioeconomic status. Sample sizes for poverty index for children without asthma and for those with asthma were 3,403 and 376, respectively. ¶ Refers to whether the family head worked in the past 2 weeks and, if not, whether he or she had a job or business. # Test of significance was performed by using the chi-square test. ** The sample size for ascorbic acid intake from the last 24-hour recall data was 3,951 children. important socioeconomic factors. We found that low levels of vitamin C and α-carotene were predictive of asthma (table  3) . None of the other antioxidant vitamins added significantly to the predictive value of the model once these two vitamins were included. In addition to increased body mass index, the socioeconomic and demographic characteristics that were significant predictors of childhood asthma included male gender, urban residence, female head of household, and family history of asthma or hay fever. The only racial group that had a higher risk of asthma relative to the Mexican Americans was the "other" category.
The results of table 3 enabled us to estimate the asthma risk associated with changes in serum vitamin C and α-carotene concentrations. Thus, an increase of 0.43 mg/dl, equivalent to one standard deviation, was associated with a decrease of 13 percent in the risk of having asthma. Similarly, an increase of one standard deviation in serum α-carotene (2.85 µg/dl) was associated with a 15 percent decreased risk of asthma.
In separate analyses, we computed the effect of quintiles of serum vitamin C or α-carotene on the age-adjusted risk of asthma. The three highest quintiles of vitamin C were protective relative to the lowest quintile ( figure 1, A) . On the other hand, only the highest quintile of serum α-carotene offered borderline protection (p = 0.067) relative to the lowest quintile ( figure 1, B) .
DISCUSSION
The major finding of this study is that the risk of a childhood asthma diagnosis is increased by lower levels of serum vitamin C and the carotenoids, including α-carotene, β-carotene, and β-cryptoxanthin. We did not find any association of lower serum concentrations of vitamin A or E with the risk of having asthma. After statistical adjustment for potentially confounding socioeconomic factors, only low vitamin C and α-carotene serum levels continued to be predictive of asthma, whereas β-carotene dropped out of the model. Because of the relatively high correlation of the two variables (r = 0.61), we are unable to confidently ascribe the relation of asthma to one or the other form of carotenes.
This study strengthens a growing body of data indicating that vitamin C plays a role in the development or expression of asthma (8) (9) (10) (11) (12) . To our knowledge, this study is the first large childhood study that has relied on serum vitamin levels rather than food frequency questionnaires and has also controlled for several other potentially confounding characteristics.
We also investigated the temporal relation between vitamin C and asthma by examining the effect of serum vitamin C on the presence of current asthma. Similar logistic regression analyses showed essentially similar results regarding vitamin C and several other risk factors for asthma diagnosis. The difference between the "current asthma" and the "ever asthma" results was that in the "current asthma" group, α-carotene was not a risk factor, whereas employment status and educational status of the household head were the most predictive socioeconomic characteristics.
Vitamin C as ascorbic acid is a water-soluble antioxidant present in physiologic concentrations in the airway and alveolar lining fluid. As an antioxidant, vitamin C can modify oxidative insults from inhaled agents, infectious agents, or cellular inflammation (13, 14) . In several studies, large acute doses of vitamin C have been found to have a beneficial effect on airways reactivity (15) (16) (17) (18) . Consistent with this conclusion is the finding by Romieu et al. (19) that supplementation with vitamins C and E in asthmatic children had a protective effect against high levels of ozone. Although the evidence of benefit of vitamin C supplementation as a treatment for chronic asthma was inconclusive in two recent literature reviews (20, 21) , other reviews have concluded that vitamin C supplementation provides a short-term benefit in treating asthma (22, 23) . We also analyzed the relation between asthma and antioxidant dietary intake and vitamin supplementation by using the available NHANES III intake of dietary ascorbic acid and of supplemental vitamins and minerals. We found no difference between children with and without asthma regarding these two measures. We do not know the reason for the discrepancy between the interview data and serum vitamin C level. One possibility is that the recall data are flawed and do not reflect true vitamin C intake. Alternatively, it is possible that in asthma patients, metabolism or excretion of vitamin C is different. For example, it may be that increases in the level of oxidative stress due to inflammation lead to lower levels of serum vitamin C (24). Since these study findings are descriptive rather than experimental, we must be cautious about inferring causal relations. The consistency of the relation of low vitamin C levels across different studies with varied population samples, age groups, methods of ascertaining disease state, and nutritional intake strengthens the validity of the association. However, the strength of the association is not constant across all studies.
A previous study of 51 African asthmatic children and matched controls found that asthmatics had lower plasma ascorbic acid levels and that there was a positive correlation between vitamin C concentrations and socioeconomic class among the children with asthma (9). This finding was attributed to higher intake of fruits by children in the higher socioeconomic groups. Another study of 14 asthmatic children from Turkey showed decreased serum levels of vitamin C as well as of β-carotene and vitamin E compared with 12 normal controls (12). Forastiere et al. (25) found, in a large Italian population sample of children aged 6-7 years, that a history of frequent winter consumption of citrus and kiwi fruits, rich in vitamin C, was associated with protection from respiratory symptoms over the following 12 months. Additionally, Cook et al. reported that, in a group of 2,650 children in England and Wales, fresh fruit intake was associated with better lung function. However, analysis of the results from a subset of 276 children did not confirm a relation between plasma vitamin C levels and forced expiratory volume in 1 second (FEV 1 ) (26). In the adult populations enrolled in the NHANES III surveys, low vitamin C intake or serum concentration has been associated with lower pulmonary function and more respiratory symptoms (10, 27, 28) .
However, our results are not consistent with those of Powell et al. (29) , who reported no significant difference in the concentration of red blood cell vitamin C between a group of 37 asthmatic children and 35 controls. Our conclusions also differ from those of Cook et al. (26) , who found that vitamin C plasma levels were not different in 34 children with wheeze compared with 201 children without wheeze (26) and from the findings of Picado et al. (30) that there was no significant difference in vitamin C serum/ plasma levels between 118 adult asthmatics and 121 healthy subjects. Moreover, our results differ from those of Mainous et al. (31) , who, in a study of the NHANES III adult population, found no significant relation between serum vitamin C levels and use of health care services for wheezing.
The discrepancy between different studies may reflect differences in the ascertainment of vitamin intake. In our analysis, for example, we found that neither a 24-hour food recall questionnaire nor a history of vitamin/mineral supplementation differentiated asthmatics from nonasthmatics. Alternatively, it is possible that nutrition plays different roles in the induction of asthma than in modifying the severity or symptoms of the disease. Finally, there may be discrepant methods of diagnosing asthma, using either questionnaires, functional measures, or health care utilization as indicators of the asthma diagnosis (32) .
In summary, we concluded from this analysis of a large national population sample of children that low levels of serum vitamin C are associated with an increased risk of asthma. This association was independent of confounding socioeconomic, anthropometric, smoking, and nutritional variables.
